Power transformers play an essential role in the transmission, distribution and utilization of electrical energy. Ensuring their correct operation and extending their life span is of paramount importance for distribution and transmission system operators. This paper presents an assessment of techniques for diagnostic tests and maintenance in power transformers. The main components, accessories and protections of transformers are explained. Also, the main maintenance activities as well as diagnostic tests and their acceptance criteria are explained and detailed according to international standards.
Introduction
Power transformers are mainly used as a link between generation and transmission systems, as well as transmission and distribution networks to finally reach final electricity consumers. In transmission systems, the main function of a transformer consists on increasing voltage magnitudes in order to transport electricity over long distances. This is possible due to the reduction of current magnitudes on transmission lines, which also reduces power losses [1] . In distribution systems, power transformers are commonly used to decrease voltage magnitudes up to operational levels suitable for electric devices in industries.
Transformers can also be used for improving power quality [2] , controlling phase angles [3] starting motors [4] and filtering harmonics [5] . The core of a transformer is responsible for conducting the magnetic flux connecting the primary and secondary winding. This is built from steel sheets in silicon with thicknesses between 0.28 and 0.35 mm. The grain is oriented in the direction of magnetization to avoid losses by magnetization currents; this material has estimated losses between 0.4 to 0.6 W/kg. Figure 1 depicts the assembly process of a core. The core of the transformer comprises the electric circuit and permits the circulation of the current which generates the magnetic flux in the primary and the secondary current that flows towards the load. The coils are made of wire or a strip of copper or aluminum. In distribution and low power transformers, insulated conductors are used in dielectric enamels and varnishes and in power transformers copper plates are insulated with thermo stabilized Kraft paper. Figure 2 shows the process of making a coil. The Presspan fibers and the stringers are the main elements of the insulation system. The active part of the transformer is submerged in dielectric oil in a tank and it is complemented by accessories and their own protectors to guard against overpressure, high temperatures, turbulent flows or air in the oil. Figure 3 depicts the active part of a typical power transformer. Figure 4 shows a typical power transformer in Colombia, during routine testing. Due to the large number of transformers installed in the electrical power system, most companies are interested in knowing the actual state of these transformers by evaluating the condition of their insulation, coils and dielectric oil, to define when to perform maintenance and to therefore extend their useful life and maximize their in-service time. There are different ways transformers can deteriorate and this depends largely on the operating conditions to which they are exposed during use. This includes electrical and mechanical overloads associated with the frequency of current failure, and surges caused by testing or atmospheric discharges. For these reasons, it is important to thoroughly evaluate the condition of the transformer, by periodically carrying out electrical tests such as physicochemical analysis of the liquid insulation to assess the progress of the deterioration in the equipment. This paper describes the main maintenance activities that must be carried out in power transformers as well as the diagnostic tests and their acceptance criteria.
Maintenance activities
There are several maintenance activities that must be carried out to guarantee the proper operation of power transformers. These are described as follows.
Visual inspection
Consists of a thorough inspection to check if there are any faults in the equipment. These include: oil leaks, misaligned parts, damaged paint, corrosion or defects in supporting structures, also the condition of the insulator bells and the oil level in capacitive bushings. The correct functioning of the cooling system (fans and pumps) and the ventilation system must also be checked. In addition, some readings are taken such as temperature records using thermal imaging and the oil thermometer to verify that the transformer has not suffered any significant temperature increase.
Thermographic inspection
Permits detecting of hot spots, loose connections, currents circulating through the tank, defects in the cooling system (counter rotating pumps, fans rotating in reverse, etc.) and short circuits in magnetic shields in the walls of some transformers. It is also possible to detect low oil levels in oil-insulated bushings when they lose their tightness and oil flows into the tank.
Oil analysis
The dielectric oil isolates electrically the windings, dissipates the heat and prevents corrosion of the metal parts. In general, the oil characteristics are:
-High dielectric strength to resist electrical stresses, and extinguish arches and discharges in their interior. -Low viscosity to circulate and dissipate heat. -Aging resistance that guarantee long life. Oil degradation is caused by operational conditions such as operation at high temperatures, contact with air, water, metal parts in iron such as core presses, screws and contact with copper present in terminals and conductors. The main symptoms of oil degradation are darkening, generation of polar substances, acid formation, sludge precipitation and reduction of the dielectric properties.
Physicochemical analysis:
To determine the state oil state, physicochemical analyzes should be done at least once a year. These analyzes allow the evaluation of some variables associated with the oil condition such as moisture content, acidity, surface tension, concentration of furanic compounds (by-products of paper degradation), dielectric strength and oil power factor. Table 1 shows the basic acceptance criteria and the normal state for the physicochemical analyzes in dielectric oil. Dissolved gas analysis (DGA): This is carried out in a certified laboratory using the methodology of analysis of gases dissolved by chromatography. Such procedure permits the detection of internal arcs, bad electrical contacts, hot spots, partial discharges and overheating of conductors. These gases must be analyzed over time, since the older the transformer, the more gases are present; however if there is an over increment of gases this indicates an incipient fault in the transformer. Table 2 shows the regulations for the analysis of dissolved gases by gas chromatography and the acceptable values for power transformers [6] , [7] . Hydrogen  H2  200  200  100  100  Methane  CH4  100  50  120  100  Carbon Monoxide  CO  500  500  350  250  Ethylene  C2H4  150  80  30  100  Ethane  C2H6  100  35  65  60  Acetylene  C2H2  15  5  35  5  Carbon Bioxide  CO2  5000  6000  --Table 3 shows the key gases to help diagnose the condition of the transformer. Because the gases can increase in different proportions, the international standard [7] classifies the transformer in four conditions as indicated in Table 4 . Table 5 shows each condition and its definition. 
Diagnostic tests
Diagnostic tests are a fundamental tool for determining incipient faults in power transformers. They allow an early intervention to avoid major damage or unexpected outputs that otherwise would affect service quality indexes, causing economic losses for companies. The main field tests performed on transformers are [7] , [8] : -Transformation relation -SFRA frequency response analysis -Measurement of the power factor -Power factor of Capacitive bushing -Excitation current -Dispersion Reactance -Windings resistance -Insulation resistance These tests must be carried out under the guidelines of international standards, guaranteeing their repeatability and the obtaining of accurate and reliable results.
To diagnose a fault as many tests as possible must be performed, in this way the results can be correlated and their historical behavior can be verified. Table 6 , shows the typical failures detected by each test and the acceptance criteria according to international standards [7] - [15] . 
Conclusions
This paper describes and identifies the main techniques used by maintenance personnel for diagnosing the condition of power transformers. These diagnostics involve a large number of variables, which are evaluated not only in a single period but also as a trend over time.
The dynamics of different mechanisms that might cause failures inside transformers must be taken into account in the definition of the maintenance frequency. Some techniques such as reliability centered maintenance can help to define this frequency taking into account particular aspects such as load, voltage level, fault history, etc. Finally, it should be emphasized that the failure risk management of transformers must consider, in addition to an adequate maintenance strategy, the possibility of having spare units that allow reducing the impact in case of failure occurrence in this equipment.
